ABSTRACT Recent populations of the red sunflower seed weevil, Smicronyx fulvus LeConte (Coleoptera: Curculionidae), have been inconsistent or declining, particularly in North Dakota. Consequently, research on weevil biology, including development of resistant germplasm, has been limited. To determine whether cold storage of diapausing larvae could be improved, nonconstant temperature treatments (fluctuating thermal regime [FTR] and thermoperiod [TP]) were tested versus a constant 6 C for storage up to 365 d. Both alternate temperature treatments produced more adult weevils than constant 6 C for short (42, 91 d) storage, while all temperature treatments were good (60% adult emergence) at moderate term (182 d) cold storage, and FTR was best for long (365 d) periods. Excluding the 14-d storage period, which produced too few weevils for comparison, each doubling of cold storage time (e.g., from 42 to 91 d, 91 to 182 d), usually decreased the number of days to 50% relative emergence by 10 d. After 365 d of larval storage, emerged S. fulvus adults successfully infested sunflowers in a plant growth chamber, with damage per female similar to that observed in field trials. Compared with previous efforts to store weevil larvae, the method of collection and FTR storage is either more effective (greater adult emergence and reduced parasitism) or more time-efficient, and should permit year-round research using S. fulvus adults. Because successful emergence under FTR was >75% after 365 d, additional research would be required to determine the maximum effective duration of cold storage for S. fulvus.
Since commercial production of sunflowers began in the North America, the red sunflower seed weevil, Smicronyx fulvus LeConte, has been considered a serious insect pest (Satterthwait 1945) . Commonly found on wild and cultivated sunflowers in the Great Plains (Anderson 1962) , S. fulvus are small (2-3 mm) weevils, which have a single generation per year. Adults emerge in early summer and move to nearby sunflowers, feeding initially on vegetative tissues (e.g., leaves and bracts). Once flowering begins, adult weevils consume sunflower pollen, which appears necessary for egg production (Korman and Oseto 1989, Rana and Charlet 1997) . Females usually deposit a single egg through the pericarp (hull) and onto a developing kernel (seed), on which a larva feeds to mature through five instars. Mature larvae chew through hulls in late August or September and drop to the ground to overwinter in the soil (Oseto and Charlet 1981) .
Though S. fulvus larvae usually consume only part of each infested seed, their feeding still lowers yield of oilseed sunflowers by reducing the mass and oil content of seeds. Based in part on previous research Braness 1980, Peng and Brewer 1995a) , recent recommendations have suggested an economic injury level (EIL) of three weevils per head in oilseed sunflowers. A lower EIL of one weevil per head or less may be observed for confection sunflowers owing to strict limits (<1%) on permissible insect damage. Losses from S. fulvus can be limited by early planting (Oseto et al. 1987) , but insecticides are still considered the primary tool for management. Because dates of planting and insecticide applications are not always flexible (e.g., because of weather or availability of equipment), recent research has focused on finding and developing sunflower germplasm with host plant resistance, which should complement other efforts to limit losses by S. fulvus feeding.
Breeding material with good resistance to S. fulvus has been selected (Charlet et al. 2010 ), but germplasm improvement and additional needed research (i.e., revision of EIL and determination of resistance mechanisms) have been limited by inconsistent or declining weevil populations, particularly in North Dakota. As an alternative to working with naturally occurring weevils, efficient storage of overwintering S. fulvus larvae would allow for field, greenhouse, and laboratory-based research into biology and management of the weevil. Previous attempts to overwinter weevil larvae in the laboratory have had some success, but produced modest adult emergence (<40% of stored larvae; Braness 1979, Brewer and Charlet 1994) or relied on very labor-intensive methods (Barker et al. 1991) .
Research on thermal biology of several insect taxa suggests that nonconstant temperature treatments could improve overwintering of S. fulvus larvae. In particular, a daily high pulse of elevated temperature (fluctuating thermal regime [FTR] ) has improved survival following exposure to cold temperatures for a diverse group of arthropods including bees [Megachile rotundata (F); Rinehart et al. 2013] , true bugs (Pyrrhocoris apterus L.; Hanč and Nedvěd 1999) , collembola (Orchesella cincta L.; Nedvěd et al. 1998) , and beetles [Alphitobius diaperinus (Panzer); Renault et al. 2004] . Less frequent temperature pulses also have been documented to improve survival of cold conditions for several fly species (Chen and Denlinger 1992, Leopold et al. 1998) . Interestingly, nonconstant temperature treatments also may have different effects on insect species which share a common thermal environment (e.g., host and parasitoid; Bahar et al. 2012) . In an attempt to improve both the efficacy and ease of storing S. fulvus larvae for research use, two nonconstant temperature treatments were compared to storage under a constant temperature. Additional observations were also made on the suitability of adult weevils produced from larvae placed into cold storage.
Materials and Methods
Insects. Adult S. fulvus were collected from wild sunflowers during late July and early August 2013 in Emmons County, ND. After return to the laboratory, weevils were aspirated into 50-ml conical vials in groups of 40. Each vial was closed with a screw-on cap ventilated with brass cloth. Within 1 d of adult collection, vials were used to artificially infest plants at Casselton or Fargo, ND. For infestations, each conical vial was uncapped and placed onto the head of a blooming sunflower plant (inbred maintainer HA 441; Miller and Gulya 2006) , which was then covered with a drawstring cloth bag to prevent escape by weevils. After overnight temperatures <10 C occurred in September, bagged heads were cut and brought to the laboratory. Heads were then uncovered and placed over large trays to allow collection of larvae exiting infested achenes. Daily emergence of larvae was encouraged by overnight storage of heads in a walk-in cooler (6 C) followed by room temperature (21 C) exposure during daylight hours (12 h). Each group of 300 larvae collected was separated for placement into overwintering containers, which consisted of zip-top plastic bags containing autoclaved soil (1,500 g of sand from Leonard, ND, þ 175 ml of distilled water) placed inside polypropylene boxes (25 by 15 by 7 cm) whose sides were ventilated with brass cloth.
Larval Storage Conditions. In total, 45 overwintering containers (¼ 13,500 larvae) were divided equally across temperature treatments created by storage in one of three biological incubators (model I-30BLL, Percival Scientific, Perry, IA). The first temperature treatment, constant cold (6 C), was considered most similar to previous work with S. fulvus (Oseto and Braness 1979 , Barker et al. 1991 , Brewer and Charlet 1994 . The second temperature treatment, thermoperiod (TP), consisted of daily alternation of 12-h cold conditions (6 C) and 12-h warm conditions (18 C). The last temperature treatment, a FTR, consisted of cold conditions (6 C) for 21 h daily, with the remaining 3 h used to ramp up to warmer temperatures, hold at warm conditions (1 h at 20 C), and ramp back down to 6 C. Previous work with S. fulvus suggests from 14 to 240 d of cold storage may allow normal termination of larval diapause and subsequent adult development. Accordingly, storage times of 14, 42, 91, 182 and 365 d were tested, with three replicate overwintering containers removed at the conclusion of each storage period, after which they were placed into constant 25 C. Adult Monitoring and Quality. Once containers were moved out of cold storage, the zip-top bags were cut open to allow increased air exchange. The mass of each container was recorded so that distilled water could be added weekly to maintain soil moisture at 10%. Based on results from an unreplicated attempt to overwinter larvae in 2012, containers were checked for emerging adults only once weekly for the first 8 wk, and then two or three times weekly for at least an additional 10 wk.
Low adult emergence from larvae kept only 14 or 42 d in cold storage prompted additional evaluation. First, after 21 wk at 25 C, one container from each temperature treatment in the 14-d cold storage period was selected to evaluate larval survival. Larvae in each container were separated from the soil by washing over a sieve (#18 mesh, 1.0 mm opening). After each container was washed, the number of healthy larvae (i.e., moving and otherwise with normal appearance) was counted. Second, for larvae initially stored in cold for 42 d and then monitored (20 wk at 25 C) for adult emergence, all containers were returned to their original temperature treatment for 91 d. At the conclusion of the additional 91 d of cold storage, adult emergence was monitored as previously described.
To test the quality of adults emerging from overwintering containers, weevils emerged after 365 d in storage were pooled across all three temperature treatments and separated into two groups of 30 weevils. Each group of weevils was placed onto a blooming sunflower (susceptible line HA 441 or resistance source PI 431542) in a plant growth chamber and confined using a mesh bag. After 30 d, the heads were removed, dried, and threshed. The numbers of seeds damaged by S. fulvus larvae were assessed by an X-ray of 200 achenes per head (Peng and Brewer 1995b , with equipment and settings as described by Prasifka et al. 2014) . Total numbers of filled seed also were counted to allow weevil performance to be expressed as the number of seeds damaged per female, a measure which adjusts for differences in the size or self-fertility of infested plants.
Analyses. All analyses were performed using standard statistical software (SAS Institute Inc. 2007 ). Successful overwintering of S. fulvus was expressed as the percentage of adults emerged within 18 wk following transfer into warm (25 C) conditions. An analysis of variance was used to determine how temperature August 2015 PRASIFKA ET AL.: OVERWINTERING SUCCESS OF Smicronyx fulvustreatment, storage time, or their interaction influenced the (square root-transformed) percentage of adult emergence. Because of significant interaction (P < 0.05) between temperature treatment and storage time, differences between temperature treatments were assessed within each cold storage period using t-tests of least-squares estimated means. Paired sample t-tests for each temperature treatment were used to determine whether an additional 91-d cold storage increased adult emergence for S. fulvus initially stored for only 42 d. Regular removal and recording of emerged S. fulvus adults also allowed an assessment of effects of storage on the timing of adult emergence. To adjust for differences in the percentage of overwintering success, timing of adult emergence for each overwintering container was expressed as the number of days following transfer from cold storage into 25 C at which emergence first exceeded 50% of the (eventual) total number of adults. An analysis of variance was used to determine if temperature treatment, cold storage time or their interaction affected the number of days to 50% relative emergence. As with the percent emergence data, a significant interaction required the effect of cold storage time on timing of adult emergence to be assessed within each temperature treatment.
Results
Overwintering Success. The percentage of larvae that emerged as adult weevils following transfer from cold storage into 25 C was significantly influenced by temperature treatment (F ¼ 4.83; df ¼ 2, 30; P ¼ 0.015), storage time (F ¼ 175.70; df ¼ 4, 30; P < 0.001), and their interaction (F ¼ 7.81; df ¼ 8, 30; P < 0.001). Both of the alternate (FTR and TP) temperature treatments were better than constant 6 C for short (42 and 91 d) storage, while all temperature treatments were good ( 60% adult emergence) at moderate term (182 d) cold storage, and FTR was best for long (365 d) periods (Fig. 1) .
Low adult emergence from overwintering containers placed into cold storage for only 14 d did not appear to be because of mortality, as 147 d after transfer into warm conditions 77-81% of larvae (one replicate per temperature treatment) remained alive. For weevils initially stored for 42 d, even after 140 d in warm conditions, an additional 91 d of cold storage greatly increased emergence of S. fulvus adults ( Table 1) .
Timing of Emergence. Excluding the 14-d storage period, which produced too few weevils for comparison, timing of adult emergence was influenced by temperature treatment (F ¼ 15.59; df ¼ 2, 23; P < 0.001), storage time (F ¼ 143.05; df ¼ 3, 23; P < 0.001), and the treatment by time interaction (F ¼ 9.46; df ¼ 6, 23; P < 0.001). Each successive increase in cold storage time from 42 to 365 d decreased the number of days to 50% relative emergence for both the FTR (Fig. 2) and constant temperature treatments (not shown). For the TP treatment, the 365 d storage time did not significantly decrease the number of days to 50% relative emergence compared with 182 d, though the adult Fig. 1 . Percentage of diapausing S. fulvus larvae completing adult development (mean 6 SE) under combinations of three temperature treatments and five cold storage periods. Each replicate included n ¼ 300 larvae. Comparisons were made within each storage period (different capital letters indicate significant differences) because of an interaction between temperature treatment and duration in cold storage. emergence started earlier (Fig. 3) . During the 126 d adult weevil emergence was monitored, only three parasitoids [most likely Triaspis aequoris Martin (Hymenoptera: Braconidae)] emerged from the 13,500 S. fulvus larvae used across all the treatment combinations.
Quality of Emerged Adults. After 365 d of larval storage, emerged adult weevils successfully infested sunflowers in a plant growth chamber. Based on X-ray images, weevils placed on the susceptible inbred HA 441 damaged 77 of 200 sampled seed, while only 29 of 200 seed were damaged in the resistance PI 431542. Compensating for the number of seed filled per head and the number of female weevils, this corresponds to 14 seeds damaged per female on HA 441 and 6 seeds damaged per female for PI 431542.
Discussion
The rate of diapause development in many temperate insects is regulated by a period of chilling (Tauber et al. 1986 ). Without exposure to low temperatures, termination of diapause may be inhibited in some species, resulting in high mortality (Schneiderman and Horwitz 1958 , Kostal et al. 2000 , Dong et al. 2013 . In other cases, chilling accelerates diapause development, allowing an earlier resumption of postdiapause development (Williams 1946 , Fraenkel and Hsiao 1968 , Denlinger 1972 , Anderson and Kaya 1975 , Hiruma et al. 1997 , Yocum et al. 2006 , Damos and Savopoulou-Soultani 2010 . In evaluating nonconstant temperature treatments for overwintering S. fulvus, mortality was not generally assessed, as timely adult emergence (rather than indefinite survival of larvae) was the goal. However, acceleration of diapause development was apparent through chilling under nonconstant temperature treatments; overwintering success was improved with FTR and TP treatments for short (91 d) storage periods, producing a twofold increase in adult emergence over the constant 6 C. Relative success of the temperature treatments changed in longer (182 d) periods, with acceptable emergence under constant temperature. However, because the FTR was statistically equal or greater in all tested storage durations, FTR seems to be a better choice for overwintering S. fulvus, particularly if adults are needed for experiments several times during the year. Compared with some previous attempts to overwinter S. fulvus Braness 1979, Brewer and Charlet 1994) , emergence in the FTR treatment is substantially higher and the period during which most adults emerged (days from 25 to 75% cumulative emergence) appears shorter than that documented by Oseto and Braness (1979) . Emergence in the FTR and TP treatments was generally similar (at 91 d) to the 60% achieved by Barker et al. (1991) , but less laborintensive to set up and maintain. Also, the method of producing S. fulvus larvae for overwintering (i.e., confining adult weevils onto heads with bags) resulted in very little parasitism (3 parasitoids emerged from 13,500 larvae) relative to the 20-35% parasitism noted by Brewer and Charlet (1994) ; the observed difference in parasitism is probably from physical exclusion of weevil larvae from parasitoids (i.e., confining adult weevils onto heads with cloth bags) and not related to overwintering conditions. Though unreplicated and pooled across temperature treatments, the estimates of seeds damaged per female with S. fulvus stored for 365 d are within the range of values observed in a replicated field test in 2013 (14-24 seeds damaged per female in HA 441, 1-6 seeds damaged per female in PI 431542; Prasifka, unpublished data). Collectively, results for S. fulvus indicate that nonconstant temperature treatments, particularly FTR, permit the year-round availability of adult weevils for research on host plant resistance and basic biology.
It is difficult to compare the success of a FTR for S. fulvus to previous results with other species for at least two reasons. First, though many studies have demonstrated the benefits of FTR for survival of cold exposure, as noted by Rinehart et al. (2013) , most previous studies have not included diapausing insects. Increases in survival of cold exposure for arthropods reared under nondiapause conditions have been large; among Nedvěd et al. (1998) , Hanč and Nedvěd (1999) and Renault et al. (2004) , the best FTR treatment typically resulted in an ability to survive cold temperatures for three times as long (i.e., Lt 50 increased threefold) as a constant temperature control. Because Rinehart et al. (2013) exposed diapausing bee prepupae to an FTR, it may be a closer comparison for S. fulvus, and survival was improved by >50% (or more with quiescent, postdiapause bees) versus a constant 6 C. A second problem in comparing the results for S. fulvus is that the longest cold storage (365 d) did not result in <50% adult emergence (functionally equivalent to survival for the purpose of the study) for either the constant or FTR temperature treatments. Indeed, the fact that S. fulvus adult emergence under FTR was numerically highest after 365 d of storage suggests larvae could be kept for substantially longer than this period. Nevertheless, FTR provided at least twice the adult emergence as a constant temperature treatment for short (91 d) Fig. 3 . Emergence of adult S. fulvus after removal of larvae from four durations of cold storage under a TP temperature treatment (12 h at 6 C, 12 h at 18 C). Emergence expressed as percentage of total number of individuals that completed adult development. Different capital letters indicate significant differences between storage periods for the number of days to 50% relative emergence.
storage periods and has the potential to extend the maximum storage time for S. fulvus.
Limited information exists on precisely how nonconstant temperatures accelerate diapause development. For Colorado potato beetle, Leptinotarsa decemlineata (Say), specific heat shock proteins are induced depending on the mean temperature of the TP (Yocum 2001) . Exposing alfalfa leafcutting bee (M. rotundata) to either a constant or variable thermal regime enlists unique gene expression patterns depending on the treatment (Torson et al. 2015) . Regardless of the precise mechanism, it clear that insects adjust the rate of their diapause development in response to fluctuating temperatures, a result with practical importance to management of agriculturally important insects other than S. fulvus. For example, exposing normally late flying (April-May) blue orchard bee, Osmia lignaria Say, to a TP just prior to entering diapause enables them to emerge in February to pollinate California almonds (Bosch et al. 2000) . Though further research is necessary to determine how nonconstant thermal regimes alter diapause development in other species, the ability of other solitary bees (e.g., Osmia spp. and M. rotundata) to terminate diapause early could permit their use in crops such as almonds, onions, and blueberry (Bosch et al. 2008, Pitts-Singer and Cane 2011) .
